Galectin-3 (Gal-3), a b-galactoside-binding lectin that is expressed in mammalian cells, is known to modulate several biological functions such as cell-cell adhesion, macrophage activation, angiogenesis, metastasis, and fibrosis. The goal of this study was to evaluate the ability of Gal-3 depletion apheresis using an adsorption column with immobilized anti-Gal-3-antibody to reduce inflammation induced by Complete Freund's Adjuvant injection in a skin inflammation porcine model. Here, we report that plasma perfusion by apheresis through a Gal-3 binding immuno-affinity column reduces plasma Gal-3 levels to below limits of quantitative detection, and results in significant decrease in skin inflammation, including degree and duration of inflammatory lesions. Human plasma was tested ex vivo and found to be efficiently depleted using the anti-Gal-3 affinity column. This study demonstrates the potential of Gal-3 depletion apheresis as a therapeutic method for inflammation-mediated disease, supporting continued research in this area for clinical application.
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| I NT ROD UCTI ON
Galectin-3 (Gal-3), a b-galactoside-binding lectin, is established as a multifunctional and multi-locational chimeric galectin. It can be localized in the nucleus, the cytoplasm, or secreted to the extracellular milieu, and can also be found in the systemic circulation. Gal-3 has been identified as instigator and biomarker for a range of diseases including allergies, autoimmune, atherosclerosis, cancer, cardiovascular, fibrosis of many different tissues, and chronic inflammation. [1] [2] [3] [4] The genetic disruption studies link Gal-3 to an array of proinflammatory and pro-fibrotic responses, 5, 6 and its overexpression is associated with tumor growth, angiogenesis, and metastasis as well as with the fibrotic remodeling of kidney, heart, lung, and liver tissues. [7] [8] [9] [10] [11] [12] [13] Gal-3 gained an increased interest as a novel biomarker in patients with heart failure where elevated Gal-3 levels are associated with left ventricular dysfunction and poor prognosis. 8, [14] [15] [16] [17] [18] More recent evidence supports the causality of Gal-3 involvement in the pathology of myocardial fibrosis, suggesting that Gal-3 actively contributes to the development of heart failure. 19 These characteristics and roles make Gal-3 a novel target for the creation of methods that try to inhibit, diminish, or remove Gal-3 to achieve therapeutic benefit in multiple medical conditions. 20 Given its capacity to bind b-galactosides, we previously demonstrated that it is possible to remove Gal-3 in vitro from plasma and serum samples using affinity chromatography mini-columns with different substrates with greater selective affinity to Gal-3. 21 Sepharose coupled with a monoclonal antibody that binds Gal-3 could remove Gal-3 from porcine sera ex vivo. Here, we describe an apheresis column perfusion system using affinity chromatography with Sepharosebound to the Gal-3 monoclonal antibody and demonstrate its use in a porcine model of skin inflammation using Complete Freund's Adjuvant (CFA) injection. CFA is composed of heat-inactivated Mycobacterium tuberculosis emulsified in non-metabolizable oils and used as an immune stimulating antigen which creates an intense inflammatory reaction at the site of deposition. The goal was to assess the effects of circulating Gal-3 depletion by apheresis column adsorption as a therapeutic method for reducing induced inflammation.
| M ATE RI ALS AN D ME THO DS

| Animals
Massachusetts General Hospital-Major Histocompatibility Complex (MHC)-defined miniature swine ranging in weight from 40 to 50 kg were used for these studies. The characteristics of this herd have been described previously. 22, 23 All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee (IACUC) of Massachusetts General Hospital.
| Complete Freund's adjuvant injections and evaluation
Animals in the apheresis control group (apheresis alone without column perfusion) (n 5 3) and experimental group (apheresis with column perfusion) (n 5 3) underwent dual central line insertion between day 26 and day 23 followed on Day 0 by injection of CFA. After shaving the back neck of the swine, a 2 by 2-inch square was drawn, with four inner squares 1 by 1 inch, on both the right and left side. Then 0.5 mL CFA [Each mL contains 1 mg of Mycobacterium tuberculosis (H37Ra, ATCC 25177), heat killed and dried, 0.85 mL paraffin oil and 0.15 mL mannide monooleate (Sigma-Aldrich Corp. St. Louis, Missouri; product F5881)] was injected in the middle of each inner square. Each square was labeled 1 to 4. The right side was used to assess the induration and macroscopic appearance, whereas the left side was reserved for biopsies ( Figure 1A ). An additional naïve control animal without catheter insertion was injected in 4 separate sites on the back of the neck in an equivalent manner. A schematic representation of Gal-3 depletion by plasmapheresis, with representation of Gal-3, its pentamers, and lattice structures is shown in Figure 1B . The degree of inflammation was assessed through induration measurements and biopsies at defined time-points until end of study, 37 days post-CFA injection. The diameter of induration surrounding each injection site was recorded and graphed. In cases where the area of induration merged between injection sites, the greatest distance of induration from the center of each injection site to the outer edge was measured and then doubled to represent diameter. All CFA injections were done with the needle positioned at right angle flush to the skin surface using a 15.8 mm long 25-gauge needle with the intent to ensure consistent depth of injection in the subcutaneous space well below the dermal layer. Post-CFA injection, the needle was held in place for 60 seconds and then slowly removed over an additional 60 seconds to avoid exposure of CFA on the skin surface.
For each animal, the area of injection was marked, and the diameter of induration recorded preapheresis until Day 37 post-CFA injection. Animals were anesthetized pre-CFA injection, 12 hours post-CFA injection, preapheresis, and then again on days 3, 9, 16, 23, 30, and 37 to allow for accurate induration measurements of the right-side injection sites. These time points were chosen to track the early and late inflammation response, including the post-apheresis period.
At each of the assessment time-points for the experimental and apheresis control animals, two 3 mm deep tissue punch biopsies were performed on the left side in a rotating pattern starting on the diagonal adjacent to the center of each injection site to monitor for inflammation histologically. Animals were monitored for signs of inflammation and toxicity to plasmapheresis with complete blood count (CBC) before every procedure and blood chemistry collection every 2 , total bilirubin (PNR; not established), amylase (PNR;149-500), lipase (PNR; not established), lactate dehydrogenase (PNR; 578-1800 units/L)}. The CBC analysis was performed on Heska HemaTrue Analyzer (Heska Corporation, Loveland, CO) and the blood chemistry using an Idexx Catalyst Dx Chemistry Analyzer (Idexx Laboratories, Westbrook Maine). Additionally, blood was drawn through the catheter pre-CFA injection on all days of apheresis plus weekly thereafter for serum collection.
| Experimental apheresis
Experimental and apheresis control animals underwent a total of at least 400 minutes of apheresis, or 3 plasma volumes, during each apheresis procedure. In the experimental group (n 5 3), animals underwent apheresis with Gal-3 immunoaffinity column perfusion for 400 minutes after 12 hours, 4, 9, 15, 18, and 22 days post-CFA injection. These specific days were chosen to allow removal of Gal-3 immediately after the CFA injection, and on a regular basis for the first three weeks, to observe changes in the inflammation response during that time, and for two additional weeks after the discontinuation of apheresis. In the apheresis control group (n 5 3), animals also underwent apheresis on the same days for 400 minutes, but without column perfusion.
| Apheresis column preparation and perfusion
The affinity columns contained LEAF TM purified (BioLegend, San Diego, California) monoclonal antibody M3/38 rat antimouse Gal-3 monoclonal antibody from hybridoma M3/ 38.1.2.8 HL. 2 (ATCC  ® TIB-166   TM   ) , 24, 25 covalently bound to hydrated cyanogen-bromide activated Sepharose 4B (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania) as previously described. 21 For column perfusion, 60 mL matrix volume was packed into a GE XK50/20 column (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania) with a diameter of 50 mm and bed height of 30 mm. Therapeutic apheresis was performed using a COBE Spectra 4.0 (Terumo BCT, Lakewood, Colorado), per an established therapeutic plasma exchange protocol (TPE) recommended by Terumo BCT using anticoagulant citrate dextrose (ACD) solution (Terumo BCT, Lakewood, Colorado) in a ratio of 14: 01 (parts of blood: ACD) and a fluid balance set at 115% for each animal. During apheresis, the inlet flow rate typically ranged between 12-14 mL/minute resulting in a column retention time of 4-5 minutes, calculated based on the column having an internal diameter of 50 mm and the Sepharose matrix bed height being approximately 3 cm. To assess the binding efficiency of porcine Gal-3 to the M3/38 antibody, plasma samples from treated animals were taken pre-and post-passage through the affinity column during apheresis, and Gal-3 concentrations quantified by sandwich enzyme-linked immunosorbent assay (ELISA) as previously described. 21 The Gal-3 specific ELISA has a linear range from 0.3 to 20 ng/mL with a lower limit of detection of 300 pg/mL. Gal-3 levels in sera from systemic blood drawn before and after the apheresis procedure were also measured.
| Induration measurements
To assess the relative therapeutic benefits of the method, our primary outcome measure was to compare the appearance of the injected area of skin of experimental animals that underwent apheresis and column perfusion through the Gal-3 depletion column. The apheresis control animals that underwent apheresis alone without column perfusion and a naïve control animal that was injected with CFA in an equivalent manner but did not undergo apheresis or column perfusion were used to complete the comparison. Induration was assessed by measuring the diameter of palpable lesions. Secondary assessment endpoints were Gal-3 levels present in plasma as measured by ELISA, histological assessment of skin biopsies, and CBC and blood chemistry profiles for signs of liver toxicity and side effects.
| Ex vivo depletion of Gal-3 in human plasma samples
For the ex vivo assessment of human Gal-3 affinity, 2 separate mini-columns of 1 mL with either Sepharose alone (control group) or Sepharose-bound to 2 mg/mL of M3/38 antibody (Sepharose 1 M3/38 antibody treatment group) were prepared using Poly-Prep chromatography columns (Bio-Rad Laboratories, Hercules, California). Human plasma samples (1.5 mL) from three volunteers (n 5 3) were prepared in EDTA tubes, centrifuged, and frozen before being passed through the column. The volunteers provided signed written informed consent for their participation. Undiluted fractions from the effluent were used in ELISA to quantify the amount of Gal-3 removed. Sample concentrations were measured using a human Gal-3 ELISA kit (BG Medicine, Waltham, Massachusetts).
| Statistical analysis
The data we collected represent paired samples and repeated measures and were analyzed usingtwo tail, unequal variance t test, repeated measures ANOVA, and linear mixed models were all performed with GraphPad Prism 7 software. A P values < .05 was considered to be of statistical significance.For the ANOVA and mixed models, we included subject (ELISA data) or animal (inflammation data) as a random variable to account for the potential for serial dependence. Repeated measures ANOVA was used to determine the statistical significance of the treatment effect in the later phase (>3 weeks post-CFA injection). The treatment effect from 3 weeks to the end of the study was tested by means of time of treatment interaction term.
| R ESULT S
| In situ monitoring of Gal-3 removal by apheresis columns
The data shown are from plasma samples drawn directly from pre-and post-column during the apheresis procedure. Figure 2A shows the ability of Gal-3 therapeutic apheresis to deplete Gal-3 from porcine blood. During apheresis on days 1, 4, 9, 15, 18, and 22 plasma samples were collected pre-and post-Gal-3 depletion-apheresis column. Gal-3 levels in plasma pre-apheresis ranged from 2 to 12 ng/mL. Levels varied between different animals and at different time points.
Regardless of Gal-3 levels preapheresis, the levels following passage through the Gal-3 apheresis column dropped to below the limit of detection. This observation was consistent regardless of whether plasma samples were collected within 30 minutes of column perfusion (early) or at the end (late) of the apheresis procedure (P values < .0001).
As demonstrated in Figure 2B we confirmed that the undetectable levels of Gal-3 presented in Figure 2A were not due to an interference from shedding of IgG-Gal 3 antibodies from the column into the plasma. Known concentrations of porcine Gal-3 (5 or 2.5 ng/mL) were diluted with postapheresis column plasma and Gal-3 levels measured by ELISA were compared with reference Gal-3. The measured Gal-3 levels in the analyzed samples showed only minimal deviation from the expected values.
| Gal-3 depletion effect on CFA-induced skin inflammation
The difference in induration was assessed among animals undergoing column perfusion with the anti-Gal-3 antibody, apheresis control animals that underwent apheresis alone without column perfusion, and a naïve control animal that did not undergo apheresis or column perfusion (Figure 3) . Induration measurements are shown only for those animals with confirmed injection into the subcutaneous space based on skin depth measurements at autopsy. The time course of skin induration following CFA injection is shown in Figure  3A (Experimental n 5 2; Control n 5 3).
Pre-Gal-3 apheresis, the experimental group had greater early inflammatory skin responses that manifested as greater skin induration at Day 0.5 (12 hours post-injection). By contrast, the apheresis control group had a gradual, protracted inflammatory skin response that developed between baseline and Day 3. By Day 9 control and experimental animals developed pronounced cutaneous inflammation as assessed by histology (not shown), indicating a severe inflammatory reaction to CFA, and by Day 16 both groups had similar induration measurements. Between days 16 and 37, however, the average diameter size of induration decreased rapidly and significantly in the experimental group compared with the F IGUR E 2 Gal-3 plasma levels in samples collected immediately pre-and post-column for experimental animal 23147 (P values < .0001). (A) Gal-3 levels (ng/mL) in plasma samples from a representative animal that were collected early (early) or at the end (late) of the apheresis procedure, pre-(Above) and post-(Below) Gal-3 depletion-apheresis column. * Below limit of detection. (B) Comparison of Gal-3 levels (ng/mL) in porcine plasma with known concentrations (5 or 2.5 ng/mL), with or without dilution with post-apheresis plasma control group. In fact, the diameter size of induration of the control group increased on average over the course of the experiment (P values < .05). Thus, albeit the considerable variability around the early inflammatory skin response, with greater early inflammatory response in the experimental group, the Gal-3 depletion apheresis group showed a significant trend of rapid decrease in diameter size of induration while the diameters in the apheresis control group remained ( Figure  3A) . Due to the complications with the functioning of indwelling catheters, the apheresis procedure for control animal 22877 was aborted on Day 9 and the apheresis and column perfusion procedures were discontinued after Day 9 for one of the experimental animal 23171. A summary of the animals in each group and the time-points of apheresis and column perfusion for each individual animal is provided in Table 1 .
Induration from animals in each group plotted at 0.5, 3, 9, 16, 23, and 37 days post-CFA injection (experimental animals: 23171, 23147) vs.(control animals: 22877, 22681, 23166), shows a significantly decreased induration area by Day 37 for animals undergoing column perfusion with M3/ 38 antibody compared with control animals undergoing apheresis alone or no treatment ( Figure 3B ). Apheresis control animal 22876 was found to have been inadvertently injected into the muscle due to an unusually thin subcutaneous tissue layer. Although induration was not able to be measured by surface palpation, this animal showed large granulomatous tissue formation in the muscle at end of the study confirming unresolved inflammatory response to CFA injection (data not included). Since we did not examine skin depth at autopsy in experimental animal 22663 to confirm subcutaneous injection, we removed this animal from the induration analysis as well. Both animals 22876 and 22663 showed no measurable induration at end of study (Day 37).
We observed a trend toward reduction in systemic Gal-3 levels in the experimental group between days 15 and 18, following the completion of 3-5 succeeding treatments, and at later time point between days 20-37 (data not shown).
| Depletion of Gal-3 in human plasma samples ex vivo
The M3/38 antibody that effectively captures porcine Gal-3 is directed against mouse Gal-3 and has known crossreactivity to human Gal-3. We used plasma samples from three volunteers to confirm that the anti-Gal-3 affinity columns could remove human Gal-3 from plasma. Samples were halved: one-half was passed through a 1 mL column of Sepharose resin and the other through Sepharose resin bound with 2 mg of Gal-3 monoclonal antibody. Each sample was processed individually. Gal-3 concentrations of original plasma and the effluent samples were similar for the Sepharose-only columns. By contrast, samples that passed through the M3/38 Sepharose column contained significantly lower Gal-3 levels compared with original plasma samples ( Figure 4 ). This result confirms that Gal-3 depletion apheresis could potentially be used for clinical applications.
| Toxicity
Both the experimental and control animals tolerated the apheresis procedure well, with no apparent side effects or adverse events. CBCs and comprehensive metabolic panels remained normal throughout the study without any significant change from pretreatment baselines and confirmed the lack of toxicity due to plasmapheresis (data not shown).
| D ISC USSI ON
The study described herein was designed for proof of concept evaluation of Gal-3 depletion apheresis. We selected a model of skin inflammation for feasibility, given the key role Gal-3 is recognized to play in pro-inflammatory and pro-fibrotic responses. 26, 27 Gal-3 is postulated to act as a regulatory molecule operating at various stages along the continuum of inflammation, from acute to chronic inflammation and consecutive tissue fibrosis. 4 For example, while wild-type aldosterone treated mice exhibit enhanced aortic Gal-3 expression, inflammation, and enhanced collagen type I, Gal-3 genetically deficient (knock out) mice were resistant to the inflammatory and fibrotic effects triggered by aldosterone. 4 In a similar manner, Gal-3 ablation protected mice from diet-induced nonalcoholic steatohepatitis, by decreasing hepatic triggered advanced lipoxidation end products accumulation, with attenuation of inflammation, hepatocyte injury, and fibrosis. 28 In the context of myocardial fibrogenesis, genetic disruption of Gal-3 was shown to attenuate angiotensin II triggered cardiac fibrosis, left ventricle dysfunction, and subsequent heart failure. 5 The present report, utilizing a CFA-induced inflammatory skin disease model in miniature swine, demonstrates the ability of a selective anti-Gal-3 affinity apheresis system to efficiently deplete Gal-3. The Gal-3 depletion led to a statistically significant reduction in the inflammatory response in the apheresis experimental group as compared with the apheresis control group as measured by induration at the site of CFA injection.
We observed a trend toward reduction in systemic Gal-3 levels in the experimental group at the later time points. Interestingly, serum galectin-3 levels could be detected in experimental animals immediately following apheresis and column perfusion despite the complete removal of galectin-3 from plasma that passed through the column. The variability in the levels of Gal-3 in the circulation of the experimental animals can possibly be due to a release of Gal-3 from inflamed tissues. It may also be related to the shift in the balance between monomers and pentamers in the circulation. 29, 30 We plan to perform additional analysis in the future to better address this point. Results will be presented in a future report upon completion. Blood samples are being tested for inflammatory and profibrotic cytokines using Luminex cytokine profiling. Histology samples collected are undergoing further immunochemistry staining for Gal-3 and downstream inflammatory and profibrotic biomarkers. Results will be presented in a future report upon completion.
Furthermore, we demonstrate that the Gal-3 depletion column, utilized during the present experiment, which has an established reactivity to human Gal-3, has successfully lowered the levels of Gal-3 from ex vivo plasma of consenting volunteers. Notably, two of the 3 subjects had significantly elevated plasma Gal-3 levels (26.0 and 31.5 ng/mL vs. median "normal" level of 10.7 [8.9-12.7 ] ng/mL, 31 which dropped to the lowest detection limit, post-Gal-3 depletion column. This evidence, along with the effectiveness of the matrix applied within an apheresis column perfusion system, further substantiates the potential to use Gal-3 depletion apheresis in clinical applications.
| CON CLU SIO NS
This is the first time that an apheresis system was designed to specifically deplete Gal-3 from the circulation. The
F IGUR E 4 Ex vivo depletion of Gal-3 from human plasma (n 5 3).
Gal-3 levels (ng/mL) in 3 individual samples, pre-(Above column), postGal-3 depletion column (Sepharose 1M3/38 Ab) and post-control column (Sepharose-alone). The plasma samples were obtained from volunteers who signed informed consent forms to use their blood anonymously. * P values < .05; *** P values < .0001
removal of Gal-3 from the plasma reduced the inflammation at the injection sites. The reduction in skin lesions diameters instigated by the selective reduction of Gal-3 in plasma during apheresis treatment is encouraging for further translational research to clinical application of this therapy.
